Urea exchange is enhanced in renal collecting duct cells and erythrocytes by transporters which can be inhibited by phloretin and urea analogs such as thiourea. In this study, evidence for a comparable transporter was found in rat livers perfused with solutions which contained no red cells and in suspensions of hepatocytes. Bolus injections containing '25I-albumin (intravascular indicator), 9mTc-DTPA (extracellular indicator), 3HOH
Introduction
Urea transporters have been described in a limited number of mammalian cells, notably red cells and a single type of renal cell located at the tip ofthe collecting ducts (1) (2) (3) (4) (5) . These transporters accelerate diffusion across cell membranes by a factor of more than 100 and are inhibited by phloretin and high concentrations ofurea or its analogs (e.g., thiourea) ( 1, 3, 6) . It has been suggested that enhanced transport of urea in red cells serves to decrease the osmotic dehydration that would otherwise occur as they traverse the renal medulla (3) . Location of the transporters in collecting duct cells permits return of urea to the medulla, keeping medullary stores ofurea high and minimizing osmotic losses ofwater which would otherwise be obligated be excretion of high concentrations of urea (4, 5) .
After injections into the portal vein, the rate ofexchange of [14C] urea with the liver is very rapid and quite similar to that of 3H20 (7, 8) . In contrast, exchange of ['4C] urea with the lung parenchyma (9, 10) , left ventricle ( 11 ), and rete mirabile ( 12) is much more limited than that of3HOH during a single transit through these organs. Although hepatic production ofurea represents the principal manner in which proteins are catabolized, it is not known whether urea transporters mediate exchange of urea between hepatocytes and plasma. In this study, we have obtained evidence for urea transporters in perfused rat livers and isolated liver cells. Indicator dilution methods were used to study [14C] urea exchange in perfused livers and a rapid filtration procedure was used to monitor [ '4C ] urea unloading from isolated liver cells.
Methods

Perfused liver preparation
Experimental procedures. 18 Sprague-Dawley rats (average weight 401±5 1g, SD) were anesthetized with an injection of 0.65 ml i.m. of a 64.8 mg/ml solution of pentobarbital. Catheters were placed in the portal vein and inferior vena cava and positioned close to the hepatic veins. The portal vein catheter was secured with a suture, and sutures were placed around the inferior vena cava above and below the site at which the hepatic veins enter the vena cava. The livers were perfused by a syringe pump at 37°C with a control solution containing 25 mM NaHCO3, 1 10 mM NaCl, 4 mM KCl, 2.5 mM CaCl2 0.8 mM MgSO4, 150 mg/dl glucose, 10 mg/dl urea and 5 g/dl bovine serum albumin (Cohn fraction V, 98-99% pure; Sigma Chemical Co., St. Louis, MO) adjusted to pH 7.4 when exposed to 5% CO2 at 37°C. In seven rats, the livers were perfused with the control solution and with a solution which contained 2.5 mM phloretin. In an additional seven rats, the livers were perfused with a control solution and a solution which contained 200 mM thiourea. The sequence ofcontrol and experimental solutions was randomized. The thiourea solution was kept isosmotic by reducing the amount of NaCl to keep osmolality constant as judged by a vapor pressure osmometer (Wescor, Logan, UT). The effect of replacing the same amount ofNaCl with 200 mM mannitol was studied in four more experiments. The rate of perfusion in the thiourea experiments averaged 13.3 ml/ min. Somewhat higher rates ofperfusion were used in the phloretin and mannitol experiments (see Tables I-II) .
Indicators. A volume of 0.135 ml of a radioactive solution was injected into the portal vein with a chromatography injection valve (Type 50; Rheodyne, Inc., Cotati, CA). The injection solution con- Analysis. Samples were analyzed in automated gamma and beta counters, and the counts were corrected for background, cross-over, and decay (for '"Tc-DTPA). Counts attributable to each indicator were divided by the quantities injected to yield fractional concentrations, [X], which were plotted against time (Figs. 1-3 For calculations of flow (F), total recovery (R), and mean transit times (t), the outflow curves ofeach ofthe indicators were extrapolated to infinity by plotting fractional concentrations on a logarithmic ordinate against time on a linear abscissa and using the least-squares best fit of the last five sample concentrations to extend the curve beyond the last measured sample. The recoveries (R) of the diffusible indicators (99'Tc-DTPA, 3HOH, and [ 14C] urea) were calculated by dividing the areas under the extrapolated outflow curves of these indicators by the area under the extrapolated '25I-albumin curve as described previously ( 15) . The rate ofperfusion, F, was calculated from the reciprocal ofthe area under the extrapolated '25I-albumin curve and the mean transit times, t, were calculated in the conventional fashion from the equation:
where the integrals were estimated from the extrapolated indicator dilution curves ( 15 ) . Volumes of indicator distribution were calculated from the products of flow and mean transit times, and were corrected for the catheter volume. The volume of distribution of '251-albumin was subtracted from that ofthe diffusible indicators to yield extravascular volumes (A V). Estimates of recoveries and mean transit times of 3HOH and [14C] urea could not be made in one of the seven phloretin and two of the seven thiourea experiments because insufficient data were collected at late times to permit accurate estimates of the downslopes ofthese curves. Because ofthe likelihood that the downslopes of the urea curves were not monoexponential, particularly after inhibition with phloretin and urea, no attempt was made to calculate A V of [ 4C]urea. A more comprehensive analysis is possible with the mathematical model outlined by Goresky et al. (7) , but this was not necessary to demonstrate the presence of urea transporters in the present study.
Binding ofphloretin to albumin was quantified by filtering 2.5 mM phloretin in the perfusate solution, which contained 5 g/dl albumin through an Amicon YM30 membrane with a 30,000-D molecular mass filter (see above). Phloretin concentrations were determined spectrophotometrically at 320 nm in protein-free solutions: the optical density of the filtrate was compared to that present in a protein-free solution, which contained the same amount ofphloretin as the filtrand and which was diluted prior to spectrophotometry.
Means of the indicator dilution data (Table II) were compared by first calculating a one-way, completely randomized ANOVA for each parameter and then using a Dunnet's test to determine if values in the phloretin, thiourea, and mannitol experiments differed from control values. Weights were not obtained after livers had been perfused with only the control solution but the means of the thiourea and mannitol weights were compared with those of phloretin by the same statistical approach.
Isolated hepatocytes
Preparation ofcells. Hepatocytes were isolated and purified from five rats in the manner similar to that described in great detail by Seglen ( 16) . The portal vein was catheterized as indicated above but no catheter was placed in the inferior vena cava. The liver was perfused at 30 ml/ min with 300 ml of an oxygenated Ca++ free perfusion buffer (see Table I ) at 37°C. During this perfusion the liver was excised and the flow rate was increased to 50 ml/min until the solution was depleted.
The liver was then placed on a nylon filter which rested on a perforated plastic dish mounted on a beaker. A collagenase buffer solution was infused at 50 ml/ min into the liver and fluid collected from the beaker was recirculated for 10 min through the organ. The liver was then placed into a petri dish containing 75 ml of a suspension buffer. The liver was raked with a stainless steel comb to release the parenchyma and the cells which were released were filtered through a 250 4mnylon mesh (all nylon meshes were obtained from Tetko, Inc., Briarcliff Manor, NY). The cell suspension was placed in a large petri dish which was shaken in a 370 water bath for 30 min, and then placed in ice for 5 min, after which they were passed through a 250-,gm mesh and a 100-,um mesh which were layered on top of one another. The filtrate was then spun at 200 rpm (5 g) for and the quantity of urea UC m 0 within the hepatocytes originally placed on the filter was calculated from the equation
where V is the volume of the pellet injected onto the filter (1 gl). (Fig. 1 ) the outflow pattern of ["4C] urea was shifted toward that of 99nTc-DTPA, an indicator which remains extracellular. This was reflected by significant increases in A(urea)/A(DTPA) and A(urea)/A(water) (see Fig. 1 and Table II These observations were consistent with the conclusion that phloretin inhibited urea uptake by hepatocytes. Only 2.3% of the phloretin traversed an ultrafilter with a cutoff of 30,000 D (see Methods), suggesting that the remainder was bound to albumin and that the concentration of free phloretin in the perfusate was 0.058 mM. Perfusion ofthe liver with the solution containing 200 mM thiourea for 2 min appeared to have two major effects on the outflow curves ofthe indicators (Fig. 2) . In six of seven experiments, A(water)/A(DTPA) was less after perfusion with thiourea than with the control solution (P < 0.01 ) and AVwer was increased in four of the five experiments in which enough late samples were collected to allow this calculation (this difference was not quite significant, see Table II ). These observations were consistent with tissue swelling, a conclusion which was supported by the observation that the weight of the livers averaged 5.96±0.48% (SEM, n = 7) of bodyweight, whereas liver weight averaged only 3.84±0.12% (n = 7) of bodyweight after the phloretin experiments (P < 0.01 ). Evidence for tissue swelling was also observed when 200 mM mannitol rather than thiourea was placed in the perfusate solution in place ofequiosmolal quantities of NaCl (Fig. 3) : A (water)/A (DTPA) fell significantly whereas AVwgtr increased significantly (Table II) and the liver weight was 5.05±0.32% of the total body weight, which was significantly more than that observed in the phloretin experiments (P < 0.05). Neither thiourea nor mannitol influenced A VDTPA nor A (99mTc-DTPA)/A ( '251-albumin), suggesting that tissue swelling was related to cellular rather than interstitial edema.
In addition to inducing cellular edema, thiourea appeared to increase differences between the outflow patterns of [14C]- Table II and Fig. 2 ). In three of the seven thiourea experiments and three of the seven phloretin experiments, the liver was perfused with the experimental solution before the control solution (Fig. 3) . In each of these studies, the effects of thiourea and phloretin on urea movement into the tissues were decreased in the following control runs, suggesting that inhibition ofurea transport was at least partly reversible (Fig. 4) .
Isolated hepatocytes. As indicated in Fig. 5 , the fraction of ['4C] urea remaining within the hepatocytes at 4, 30, and 60 s after unloading was greater by a factor of about 2 when the hepatocytes had been exposed to phloretin (37 ,gM phloretin for 10 min after loading with ['4C] urea and 100 1AM phloretin (2(, 21) . Its action is theretore nonspecific but the observation that it dramatically slows urea transport out of the hepatic vasculature and out of preloaded hepatocytes is consistent with an effect on transporter(s) responsible for urea exchange between the hepatic sinusoids and the surrounding hepatocytes.
Relatively high concentrations of urea are needed to inhibit transport of urea across the cell membranes of erythrocytes and inner medullary collecting duct cells. Apparent Km values of between 30 mM and greater than 800 mM have been reported (22, 23) . Urea derivatives such as thiourea can be used to inhibit urea transport in both red cells and inner medullary collecting duct cells (2, 18, 22 
